Introduction {#S0001}
============

Solid tumours, including colorectal cancer (CRC), may be heterogeneous with predominant hypoxic regions that develop in poorly vascularised areas and generate an abnormal microenvironment \[[1](#CIT0001)\]. The insufficient oxygenation activates cellular responses that contribute to the selection of a stress-adapted phenotype of aggressive cancer cells \[[2](#CIT0002),[3](#CIT0003)\], which is associated with resistance to cytotoxic therapies (radiation and chemotherapy) and impaired patient survival \[[4](#CIT0004),[5](#CIT0005)\]. Hypoxic cells secrete large amounts of exosomes and microvesicles, and these extracellular vesicles (EVs) have been shown to mediate a wide range of paracrine and systemic tissue effects, for example, local tumour angiogenesis and invasiveness as well as distant organ metastasis \[[6](#CIT0006)--[8](#CIT0008)\].

MicroRNAs (miRNAs) are short RNA species that regulate gene expression at the post-transcriptional level \[[9](#CIT0009)\]. The expression of miRNAs is altered in tumours compared to normal tissue, with both oncogenic and tumour-suppressor roles attributed \[[9](#CIT0009)\]. Exosomal miRNAs in the circulation appear remarkably stable and have attained interest as non-invasive biomarkers \[[10](#CIT0010)\], also in the context of tumour hypoxia, which regulates miRNA transcription and maturation \[[11](#CIT0011),[12](#CIT0012)\]. Several studies have investigated exosomal miRNAs as CRC biomarkers \[[13](#CIT0013),[14](#CIT0014)\].

Rectal cancer may present as heterogeneous tumours with extensive growth within the pelvic cavity, which are attributes that make this tumour entity a valuable model for investigating biological features associated with tumour hypoxia in a clinical context. Following local treatment, commonly consisting of neoadjuvant chemoradiotherapy before surgical resection of the residual tumour, the histologic tumour response may vary among patients \[[15](#CIT0015)\]. Moreover, metastatic progression is a dominant cause of treatment failure \[[16](#CIT0016)\]. Patients with organ-invasive (denoted T4) or very low (likely involving the anal canal muscles) primary tumour and lymph node metastasis (N-positive disease) in the pelvic cavity are at a particularly high risk of poor treatment outcome \[[17](#CIT0017),[18](#CIT0018)\], even though the disease biology shows heterogeneity in this group of patients as a whole. Moreover, recent studies have presented discrepant data as to whether hypoxia as such impacts on local (primary tumour) therapy resistance in rectal cancer \[[19](#CIT0019),[20](#CIT0020)\]. All taken into account, readily accessible markers of the hypoxic stress response may provide information about the role of tumour hypoxia and, if decisive for disease outcome, might also assist in stratification of patients with such tumour features into more intensified therapy.

Within this frame of reference, we hypothesised that circulating exosomal miRNA may reflect hypoxic tumour components and as a consequence, imply adverse response to the neoadjuvant treatment and metastatic progression in patients with locally advanced rectal cancer (LARC). Prior to analysis of patient samples, we had to confirm in a pertinent experimental setting that we were handling tumour exosomes as the source of circulating miRNA. Hence, we characterised exosomes and miRNA constituents from five CRC cell lines and found that specific miRNAs were regulated by hypoxia in a cell line-dependent manner. Considered as candidate circulating markers of tumour hypoxia, these exosomal miRNAs were next systematically examined in plasma samples collected from 24 LARC patients at the time of diagnosis and analysed with regard to patient and disease characteristics and treatment outcome. This strategy revealed that exosomal miR-486-5p, miR-181a-5p and miR-30d-5p reflected tumour cell hypoxia and might act as circulating markers of high-risk LARC.

Materials and methods {#S0002}
=====================

Cell lines and culture conditions {#S0002-S2001}
---------------------------------

The human CRC cell lines (HCT116, HCC2998, KM20L2, RKO and LoVo; kindly provided by Prof. Kjersti Flatmark, Oslo University Hospital, Oslo, Norway) were kept in RPMI-1640 medium (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% foetal bovine serum (Gibco by Life Technologies, Grand Island, NY, USA) and 2 mM L-glutamine (GE Healthcare--PAA Laboratories, Pashing, Austria) at 37°C in a 5% CO~2~ humidified environment. Cell lines were routinely tested and found free of mycoplasma infection, and identity was validated by short tandem repeat analysis. Depending on the cell line, 6--10 × 10^6^ cells were seeded in Nunclon T175 flasks (Thermo Fisher Scientific, Waltham, MA, USA). At 70% confluence, cultures were washed three times with PBS (Gibco by Life Technologies) and medium was changed to RPMI-1640 supplemented with 1% bovine serum albumin (BSA; Sigma-Aldrich). In the experimental set-ups, the cells were incubated for 24 h under normoxic (21% O~2~) or hypoxic (0.2% O~2~) conditions, the latter obtained using the hypoxic chamber Invivo~2~ 300 (Ruskinn Technologies, Leeds, UK). Cells were harvested using cell scrape, washed in PBS and stored at -- 80°C.

Patient material {#S0002-S2002}
----------------

Citrate plasma samples were collected at study enrolment (the time of diagnosis) from 24 LARC patients participating in a prospective biomarker study (NCT01816607) and prepared according to standardised protocols with centrifugation at 2000× *g* for 10 min followed by storage at -- 80°C. The patient population was enrolled from October the 28th, 2013 through August the 18th, 2015. The patients' LARC status was determined by a dedicated multidisciplinary team, which primarily based the decision on disease features revealed by the pelvic magnetic resonance imaging, applying the 2013 ESMO Guidelines \[[17](#CIT0017)\] (prevailing in the study period) and certain imaging findings that were specified in the updated 2017 version \[[18](#CIT0018)\]. Hence, the study population came to consist of T2-4N0-2 cases that were considered high-risk: the T2 cases presented a primary tumour threatening the anal levator muscles; the T3 cases had mesorectal fascia margin of 2 mm or less; the T4 cases were defined according to published consensus statements \[[21](#CIT0021)\]. Survival with or without a metastatic event was censored on February the 14th, 2018, at which time the median follow-up was 33 (range, 9--51) months. The study was approved by the Institutional Review Board and Regional Committee for Medical and Health Research Ethics of South-East Norway (reference number REK 2013/152) and was in accordance with the Declaration of Helsinki. Written informed consent was required for participation.

Exosome preparation {#S0002-S2003}
-------------------

The procedure was modified and based on Crescitelli et al. \[[22](#CIT0022)\]. Briefly, the conditioned medium was centrifuged at 300× *g* for 10 min to remove floating cells and debris. The supernatant was further centrifuged at 16500× *g* (9600 rpm, *k*-factor 2208) for 20 min using an AH-629 rotor (Thermo Fisher Scientific) to exclude larger membranous vesicles. To further remove particles, the supernatant was filtered through 0.2-μm Acrodisc filters (Pall Corporation, Ann Arbor, MI, USA) on ice with gentle pressure, and exosomes were pelleted by ultracentrifugation at 151,000× *g* (29000 rpm, *k*-factor 240) for 4 h. The pellet was resolved in PBS or lysed directly, and stored at -- 80°C. All centrifugation steps were performed at 4°C. For plasma samples, exosomes were isolated using the miRCURY™ Exosome Isolation Kit (Exiqon Services, Vedbaek, Denmark). In brief, samples were centrifuged at 3000× *g* for 10 min to remove debris and further pre-treated with Thrombin (final concentration of 6 U/mL) before centrifugation at 10000× *g* for 5 min. The samples' supernatants were mixed with precipitation buffer, incubated for 60 min at 4°C and centrifuged at 500× *g* for 5 min. Pellets were dissolved in resuspension buffer and stored at -- 80°C.

Immunoblot analysis {#S0002-S2004}
-------------------

Cells and exosomes were lysed in M-PER® Mammalian Protein Extraction Reagent supplemented with Halt™ Protease Inhibitor Cocktail and Halt™ Phosphotase Inhibitor Cocktail (all from Thermo Fisher Scientific). Equal amounts of protein were separated by NuPAGE Bis-Tris (Novex by Life Technologies, Carlsbad, CA, USA) and transferred to Immobilon-P membranes (Millipore Corporation, Billerica, MA, USA). Non-reducing conditions were used for the tetraspanins (CD9, CD63 and CD81). Amido Black (Sigma-Aldrich) was used for total protein staining. The primary antibodies were anti-hypoxia-inducible factor type-1α (HIF1α; 54) (BD Bioscience, San Jose, CA, USA), anti-carbonic anhydrase IX (CAIX; kindly provided by Prof. Silvia Pastorekova, Slovak Academy of Science, Bratislava, Slovak Republic), anti-CD9 (Ts9), anti-CD63 (Ts63) and anti-CD81 (1.3.3.22) (all three from Thermo Fisher Scientific), anti-GRP78 (H-129) (Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-Alix (3A9) (Abcam, Cambridge, UK), anti-Calnexin (C5C9) and anti-GM130 (D6B1) XP (the two last from Cell Signaling Technology, La Jolla, CA, USA). Secondary antibodies were from Dako Denmark AS (Glostrup, Denmark). Peroxidase activity was visualised using SuperSignal West Dura Extended Duration Substrate (Thermo Fisher Scientific) and ImageQuant Las 3000 system (FujiFilm, Tokyo, Japan).

Cryo-electron microscopy (EM) analysis {#S0002-S2005}
--------------------------------------

Exosome pellets were washed in 0.22-μm-filtered TBS (20 mM) and centrifuged at 151,000× *g* (33,400 rpm, *k*-factor 143) for 140 min at 4°C using a TH-660 rotor (Thermo Fisher Scientific). The pellet was suspended in TBS and stored at -- 80°C. Cryo-EM was performed at the Department of Bioscience and Nutrition, Karolinska Institutet, as detailed in Supplemental methods. In brief, the exosome samples (3.5 μL) were applied to holey carbon grids (Quantfoil Micro Tools GmbH, Grosslöbichau, Germany) and plunged into liquid ethane cooled to liquid nitrogen temperature. The vitrified samples were imaged using JEOL 2100F transmission electron microscope (JEOL Ltd., Tokyo) with a 4K × 4K CCD camera (Tietz Video and Imaging Systems GmbH, Germany) at different magnifications.

Nanosight tracking analysis (NTA) {#S0002-S2006}
---------------------------------

Cell line-derived exosomes were washed in 0.22-μm-filtered PBS and stored at 4°C until analysis. The exosomes were diluted to be within the recommended concentration range and the sample was automatically loaded onto the NS500 instrument (Malvern, Amesbury, UK). Five 60-s videos were captured for each sample during flow mode (camera settings: slide shutter 890, slider gain 146). Plasma-derived exosomes were diluted and loaded onto the NS500 instrument by a syringe at a constant flow of 20. Three 60-s videos were captured for each sample (camera settings: slide shutter 1200, slider gain 146). The videos were analysed with the NTA v3.1 software (Malvern).

Flow-cytometry analysis {#S0002-S2007}
-----------------------

Exosome-Human CD81 Flow detection beads (20 μL; Thermo Fisher Scientific) were incubated with 25 μg exosomes for 18--20 h at 4°C. The samples were further incubated for 45--60 min with Phycoerythrin (PE)-labelled mouse anti-human antibodies CD9-PE (M-L13), CD63-PE (H5C6), CD81-PE (JS-81) or an isotype control Mouse IgG1-κ (MOPC-21) (BD Bioscience). The labelled exosomes were analysed with a FACS Diva flow cytometer (BD Bioscience). Data processing was performed with the FlowJo v10 software (Three Star, Inc., Ashland, OR, USA).

miRNA array experiments {#S0002-S2008}
-----------------------

The experiments were conducted at Exiqon Services. Total RNA was extracted from cell line-derived exosomes using miRNeasy (Qiagen, Hilden, Germany), according to the manufacturer's instructions. For the plasma exosomes, the miRCURY™ RNA Isolation Kit Biofluids (Exiqon) was used. For each sample, 50 ng RNA were polyadenylated and reverse-transcribed in 50-μL reactions using the miRCURY LNA™ Universal RT microRNA PCR, Polyadenylation and cDNA Synthesis Kit (Exiqon). cDNA was diluted 50-fold before 10-μL PCR reactions were run on the miRCURY LNA™ Universal RT microRNA PCR Human panel I (Exiqon), which screens 372 human miRNAs. The cell line-derived exosomal miRNAs were analysed in triplicates from each of three independent experiments (for both normoxia and hypoxia), whereas the patient exosomal miRNAs were assessed once per plasma sample. The amplification was performed in a Lightcycler 480 Real-Time PCR System (Roche, Mannheim Germany) on a 384-well plate. In validation experiments, 20 ng RNA in 20-μL cDNA reactions were performed using miScript II RT Kit (Qiagen) and analysed using an alternative PCR system, the miScript PCR Assay (Qiagen). cDNA was diluted 20-fold and analysed in triplicates in 10-μL PCR reactions with primers for miR-30d-5p (MS00003283), miR-30e-5p (MS00007357), miR-31-5p (MS00003290), miR-181a-5p (MS00006685), miR-194-5p (MS00006727), miR-361-3p (MS00009555) and miR-25-3p (MS00003227; reference gene). The amplification was performed in 96 well plates using 7900 HT Fast Real-Time PCR system (Applied Biosystem Foster City, CA, USA). Supplemental methods detail procedures for miRNA quality control and background correction.

miRNA expression analysis {#S0002-S2009}
-------------------------

Data normalisation was performed based on the average of the assays detected in each sample (i.e. global mean Cq -- assay Cq = dCq), according to Mestdagh et al. \[[23](#CIT0023)\]. Difference in expression levels was calculated as dCq(1) -- dCq(2) = ddCq, where dCq1 and dCq2 correspond to hypoxia and normoxia, respectively, and converted to fold-change by the formula 2\^ddCq. The numbers of detected miRNAs were assessed and unsupervised hierarchical clustering was done using R-studio v0.99.903 for Mac and Pheatmap-package v1.0.8 (<https://CRAN.R-project.org/package=pheatmap>). In the validation experiments, data normalisation was performed using miR-25-3p as reference (normaliser assay Ct -- assay Ct = dCt).

Statistical analysis {#S0002-S2010}
--------------------

This was undertaken using IBM SPSS Statistics for Mac v25. For the cell line-derived exosomes, a two-tailed unpaired Student's *t*-test was performed on miRNA sample values only if detected in all of the three biological sample replicates. Patient data were compared using two-tailed Student's *t*-test and correlation between log-transformed continuous data was performed by Pearson product correlation analysis. The values of *p* \< 0.05 were considered statistically significant.

Results {#S0003}
=======

Characterisation of normoxic and hypoxic CRC exosomes {#S0003-S2001}
-----------------------------------------------------

Following incubation under normoxic and hypoxic conditions for 24 h, features of isolated EVs were characterised in detail in the HCT116 cell line ([Figure 1](#F0001)). First, the intended responses to hypoxia were confirmed by expression of HIF1α and CAIX in hypoxic cells. As expected, no expression of this hypoxia-induced nuclear factor and its target protein was observed in the normoxic cells or in normoxic or hypoxic vesicles ([Figure 1(a](#F0001))). Next, cryo-EM revealed that the isolated EVs were defined by a lipid bilayer and a size of 30--150 nm ([Figure 1(b](#F0001))), and further measurements by NTA showed a vesicle mode size of 144.0 ± 8.78 nm (mean±SEM; *n* = 3) for normoxic cells and 137.6 ± 7.76 nm (mean ± SEM; *n* = 3) for hypoxic cells ([Figure 1(c](#F0001))). Finally, released vesicles from both normoxic and hypoxic HCT116 cells expressed proteins known to be enriched in exosomes (CD9, CD63, CD81 and Alix) and were absent in contamination markers from the endoplasmic reticulum (Calnexin and GRP78) and the Golgi apparatus (GM130), as measured by immunoblot analysis ([Figure 1(a](#F0001)); equal protein loading is confirmed in Figure S1 in Supplementary Material) and flow-cytometry analysis ([Figure 1(d](#F0001)); examples of gating are shown in Figure S2 in Supplementary Material). Additionally, exosomes harvested from the four other CRC cell lines (HCC2998, KM20L2, LoVo and RKO) also consisted of a lipid bilayer 50--150 nm in size with expression of CD9, CD63 and CD81 (Figure S3 in Supplementary Material).10.1080/20013078.2019.1567219-F0001Figure 1.Characteristics of normoxic and hypoxic exosomes released by HCT116 cells. Cells were incubated in medium supplemented with BSA under normoxia or hypoxia for 24 h, and whole cell lysates and extracellular vesicles (EVs) isolated by ultracentrifugation were characterised. For each set of experiments, three biological set-ups were done. (a) Immunoblot images of hypoxia-inducible factor type-1α (HIF1α), carbonic anhydrase IX (CAIX), CD9, CD63, CD81, Alix, Calnexin, GRP78 and GM130 expression. CoCl~2~ (100 μM for 4 h in normoxia) was positive control for cellular HIF1α expression; culture medium containing 1% BSA was negative control for EVs. 10 μg proteins were loaded in each gel lane. (b) Cryo-electron microscopy images (50,000 × , 80,000 × and 100,000 × magnifications) of EVs. The positions of the zoomed-in panels within the wide-field views are indicated by arrows; scale bars are 100 nm. The lower panels are independent representative high-magnification images; scale bars are 75 nm. (c) NanoSight tracking histograms of EVs. Mean values from three biological set-ups are shown. (d) Flow-cytometry histograms of EVs stained with Phycoerythrin (PE)-labelled exosome-enriched markers (open traces) or isotype control (filled traces).

Exosomal miRNA in CRC cell lines {#S0003-S2002}
--------------------------------

Next, miRNA was extracted from normoxic and hypoxic exosomes released by the five cell lines and analysed. Cell-free medium supplemented with BSA, as negative control, contained negligible amounts of miRNA (Table S1 in Supplementary Material). For the analysed exosome samples, the average number of detected miRNAs was 211 of the total number of 372 on the panel. Of these, 119 miRNAs were detected in all samples and used for global mean normalisation (Table S2 in Supplementary Material). In unsupervised hierarchical clustering, exosomes harboured strong cell line-specific profiles (Figure S4 in Supplementary Material). However, among the top 10-abundant exosomal miRNAs in each of the five cell lines, and regardless of the oxygenation status, five miRNAs were shared: miR-16-5p, miR-19b-3p, miR-20a-5p, miR-21-5p and miR-106a-5p (Table S3 in Supplementary Material).

As seen from [Table 1](#T0001), a total of 36 unique miRNAs were differently expressed when comparing normoxic and hypoxic exosomes within each of the five cell lines, but only five miRNAs were shared among any two cell lines (miR-29a-3p, miR-181a-5p, miR-194-5p, miR-361-3p and miR-375). Overall, pertaining to single cell lines, 10 miRNAs showed more than 2-fold difference in expression between hypoxic and normoxic exosomes (miR-30d-5p, miR-30e-5p, miR-31-5p, miR-194-5p, miR-361-3p, miR-200c-3p, miR-486-5p, miR-499a-5p, miR-625-3p and miR-663a).10.1080/20013078.2019.1567219-T0001Table 1.Exosomal microRNAs with significantly different expression by cell lines under hypoxia compared to normoxia.  FC^a^*p*^b^HCC2998miR-29a-3p1.380.019 miR-181a-5p--1.600.0048 miR-200a-3p1.260.0061 miR-210-3p1.650.026 miR-361-3p1.380.032 miR-365a-3p1.260.0045 miR-454-3p1.380.027 miR-499a-5p3.460.023 miR-671-5p1.750.033 miR-877-5p1.210.024HCT116miR-324-5p1.560.0065 miR-375--1.510.045 miR-423-3p--1.510.033KM20L2miR-21-5p--1.090.032 miR-29a-3p1.390.037 miR-30d-5p--2.310.0077 miR-30e-5p--2.160.013 miR-30e-3p1.260.035 miR-31-5p--2.07\<0.00001 miR-99b-5p--1.510.022 miR-125a-5p--1.470.035 miR-148b-3p1.160.0069 miR-181a-5p--1.150.037 miR-193b-3p--1.130.037 miR-194-5p--1.570.027 miR-345-5p--1.260.045 miR-375--1.330.049 miR-378a-3p--1.380.0071 miR-483-3p1.470.048 miR-598-3p1.330.035 miR-625-3p--2.210.037 miR-873-5p1.500.0046LoVomiR-22-3p1.450.032 miR-361-3p2.950.021 miR-486-5p--2.180.023 miR-505-3p--1.500.032 miR-663a--2.580.010RKOlet-7b-5p1.380.013 miR-194-5p2.480.033 miR-200c-3p2.250.042 miR-221-3p--1.350.033[^2][^3]

In order to validate differential exosomal expression by an alternative method (the miScript PCR system), six of the miRNAs identified with the miRCURY PCR method ([Table 1](#T0001)) were chosen. These were miR-30d-5p, miR-30e-5p, miR-31-5p and miR-181a-5p (down-regulated by hypoxia in the KM20L2 cells) and miR-194-5p and miR-361-3p (up-regulated by hypoxia in the RKO and HCC2998 cell lines, respectively). Altered expression was confirmed for miR-30d-5p (*p* = 0.028), miR-30e-5p (*p* = 0.023), miR-31-5p (*p* = 0.020) and miR-194-5p (*p* = 0.024), whereas non-significant trends towards hypoxic regulation of exosomal miR-181a-5p (*p* = 0.27) and miR-361-3p (*p* = 0.48) were observed (Figure S5 in Supplementary Material).

Circulating exosomal miRNA in LARC patients {#S0003-S2003}
-------------------------------------------

We further investigated whether exosomal miRNAs regulated by hypoxia in CRC cell lines could be retrieved in the circulation of 24 LARC patients at the time of diagnosis, under the following criteria: an equally regulated miRNA shared among any two cell lines detected in at least 75% of patient samples or a miRNA with more than 2-fold change detected in all of the 24 patient samples. In this LARC cohort, 17 (71%) were males and median age was 63 (range, 41--76) years. A considerable number of patients were at particularly high risk, as 14 (58%) had T4 disease and 15 (63%) had local lymph node metastases. Hence, all patients but one received neoadjuvant chemoradiotherapy before surgical resection of the residual tumour; the single case who did not, had the full preoperative radiotherapy but without concomitant radiosensitising chemotherapy because of medical co-morbidity.

EVs were isolated from patients' plasma and samples from three of the patients were used to confirm exosomes. Though the EV quantity and technical quality were suboptimal for the display of EVs isolated from biofluid specimens, cryo-EM analysis revealed that the vesicles consisted of a lipid bilayer 40--70 nm in size ([Figure 2(a](#F0002))). The NTA showed a diameter of 111.3 ± 7.76 nm (mean ± SEM; *n* = 3) ([Figure 2(b](#F0002))). The vesicles were positive for CD9, CD63 and Alix expression and negative for GM130 by immunoblot analysis ([Figure 2(c](#F0002))). The average number of detected exosomal miRNAs in the patient samples was 138 (of 372 on the panel), of which 48 were shared among all patients and used for global mean normalisation (Table S2 in Supplementary Material). Furthermore, among the top 10-abundant miRNAs, six were also found on the list of top 10-abundant exosomal miRNAs from the cell lines (miR-16-5p, miR-19b-3p, miR-20a-5p, miR-21-5p, miR-23a-3p and miR-24-3p; Table S3 in Supplementary Material).10.1080/20013078.2019.1567219-F0002Figure 2.Characteristics of circulating exosomes from patients with locally advanced rectal cancer (LARC). Extracellular vesicles (EVs) precipitated from three patients' plasma samples by the miRCURY™ Exosome Isolation Kit (Exiqon Services) were characterised. (a) Cryo-electron microscopy images (50,000 × and 60,000 × magnifications) of EVs. The dark grey structures are ice crystal contaminations (in LARC 1 and LARC 3). The positions of the zoomed-in panels within the wide-field views are indicated by arrows; scale bars are 100 nm. (b) NanoSight tracking histogram of EVs. (c) Immunoblot images of CD9, CD63, Alix and GM130 expression. Whole cell lysates and exosomes isolated by ultracentrifugation from the HCT116 cell line were controls. 150 μg proteins from the EV plasma samples and 10 μg proteins from the cell line samples were loaded on the gel.

When applying the selection criteria, three of the five shared oxygen-sensitive exosomal miRNAs from cell lines were detected in the sufficient number of patient samples (miR-29a-3p, miR-181a-5p and miR-375) and also three of the 10 miRNAs with more than 2-fold alteration were detected in circulation of all patients (miR-30d-5p, miR-30e-5p and miR-486-5p); Figure S6 in Supplementary Material provides a graphical representation of all the data. Exosomal miR-194-5p was ignored for analysis in patient samples as it was both up-regulated and down-regulated in response to hypoxia in cell lines. As presented in [Table 2](#T0002), circulating levels of miR-486-5p (repressed in hypoxic cell line exosomes; [Table 1](#T0001)) were lower in patients with organ-invasive primary tumour (T4) than in T2-3 cases (*p* = 0.029). Likewise, exosomal miR-181a-5p levels (repressed in hypoxic cell line exosomes; [Table 1](#T0001)) were lower in patients with pelvic lymph node metastases than in those without (*p* = 0.024). Intriguingly, exosomal miR-30d-5p levels (repressed in hypoxic cell line exosomes; [Table 1](#T0001)) were higher in patients who developed metastatic disease (*p* = 0.036); seven of the nine cases had liver metastases. Circulating levels of the remaining three miRNAs that met the selection criteria for investigation did not show any association with TN status or metastatic progression ([Table 2](#T0002)). Importantly, there was no correlation between any of the six selected miRNAs and local tumour response to the neoadjuvant treatment (denoted as ypTN stage; regarded a surrogate marker for long-term outcome \[[24](#CIT0024)\]), as shown in [Table 2](#T0002). As shown in Table S4 in Supplementary Material, circulating levels of the six selected miRNAs were not associated with sex, age or body mass index. However, an inverse correlation (*r* = --0.46, *p* = 0.029) was found between the levels of miR-181a-5p and carcinoembryonic antigen, a CRC marker used in routine practice \[[25](#CIT0025)\].10.1080/20013078.2019.1567219-T0002Table 2.Exosomal microRNAs in patients' plasma and correlations with disease factors.  *n*Mean (SD)*p*^a^*n*Mean (SD)*p*^a^*n*Mean (SD)*p*^a^  miR-29a-3pmiR-181a-5pmiR-375T stage2--36--0.981 (0.538) 9--2.14 (0.359) 8--3.28 (1.51) 412--1.05 (0.480)0.7914--2.12 (1.09)0.9512--3.39 (1.11)0.85N stage05--1.18 (0.643) 9--1.64 (0.757) 7--3.35 (0.928) 1--213--0.969 (0.427)0.4414--2.45 (0.796)0.02413--3.34 (1.43)0.98ypT stage0--25--0.943 (0.577) 7--1.70 (0.653) 8--3.29 (1.25) 3--413--1.06 (0.467)0.6616--2.32 (0.893)0.1112--3.38 (1.30)0.87ypN stage08--0.996 (0.425) 11--2.13 (1.10) 9--3.34 (0.535) 1--210--1.05 (0.550)0.8212--2.13 (0.623)0.9911--3.34 (1.65)1.0MetastasisNo11--0.974 (0.506) 14--1.98 (0.876) 12--3.57 (1.25)  Yes7--1.11 (0.475)0.589--2.37 (0.839)0.318--3.00 (1.24)0.32  miR-30d-5pmiR-30e-5pmiR-486-5pT stage2-310--1.20 (1.24) 10--0.469 (0.515) 101.37 (0.360) 414--0.546 (0.666)0.1114--0.420 (0.380)0.79141.03 (0.343)0.029N stage09--0.536 (0.759) 9--0.439 (0.521) 91.28 (0.369) 1--215--0.988 (1.08)0.2815--0.442 (0.388)0.99151.10 (0.388)0.28ypT stage0--28--1.11 (1.44) 8--0.433 (0.529) 81.24 (0.326) 3--416--0.671 (0.657)0.4316--0.445 (0.393)0.95161.13 (0.413)0.51ypN stage011--0.691 (0.680) 11--0.401 (0.496) 111.17 (0.301) 1--213--0.926 (1.19)0.5713--0.474 (0.386)0.69131.17 (0.453)0.99MetastasisNo15--1.09 (1.15) 15--0.431 (0.387) 151.24 (0.375) Yes9--0.373 (0.300)0.0369--0.456 (0.510)0.8991.05 (0.387)0.26[^4][^5]

Discussion {#S0004}
==========

In this study, we used a commercial platform to analyse miRNA profiles of exosomes released from five hypoxic CRC cell lines as template for circulating exosomal miRNA in LARC patients. A set of exosomal miRNAs was selected based on the frequency or magnitude of variance in hypoxic versus normoxic cell line experiments and prevalence in patient plasma. By this approach, we identified six candidate oxygen-sensitive exosomal miRNAs from the cell lines, which could be analysed with regard to patients' TN status at diagnosis and outcome. Of these, low levels of miR-486-5p and miR-181a-5p were associated with T4 and N-positive disease, respectively, and high exosomal miR-30d-5p level with metastatic progression. Our strategy revealed circulating exosomal indicators of tumour hypoxia that might inform on LARC outcome.

The approach relied on the verification that the circulating EVs represented exosomes. First, during the experimental set-ups, the CRC cell lines were kept in medium without serum to avoid bovine exosome contamination \[[26](#CIT0026)\]. The five cell lines were chosen based on their tolerance to 24 h of hypoxia in BSA-containing medium (data not shown). The cell line-derived exosomes were isolated by ultracentrifugation and thoroughly characterised. Still, this isolation method may have resulted in different EV populations from the various cell lines because the sedimentation rate is dependent on shape and mass density \[[27](#CIT0027)\], and co-precipitation of protein aggregates and other carriers of extracellular miRNA might have contaminated the final samples \[[28](#CIT0028)\]. We chose to precipitate EVs from the plasma specimens with a commercial kit as it is less time-consuming and technique-sensitive and better adapted to small sample volumes. This easy and fast protocol performed well in a comparative study of ultracentrifugation and commercial reagents \[[29](#CIT0029)\].

The observed miRNA alterations might result from differences in either exosome or miRNA abundance, or both. Exosomal RNA isolation from the conditioned media and plasma specimens was performed with two different kits. Although we found considerable similarity of the top 10-abundant miRNAs between the experimental and clinical models, we cannot rule out differences in miRNA retrieval by the two methods. Nevertheless, the findings strongly indicate that circulating miRNA detected in LARC patients stemmed from their rectal tumour. In further support of this, several reports have demonstrated many of the same miRNAs at higher occurrence in circulating EVs from CRC patients compared to healthy controls, with significant reduction of the miRNAs after resection of the primary tumour \[[30](#CIT0030)--[32](#CIT0032)\]. As far as we know, our study is the first to compare exosomal miRNA profiles from hypoxic CRC cell lines with the normoxic counterparts. Not surprisingly, profiles were primarily cell line-specific, commonly seen in intracellular miRNA profiles of hypoxic CRC cell lines \[[33](#CIT0033)\]. Among the oxygen-sensitive exosomal miRNAs we identified, several have been reported as hypoxia-regulated in processes such as autophagy \[[34](#CIT0034),[35](#CIT0035)\], angiogenesis \[[36](#CIT0036),[37](#CIT0037)\], extracellular matrix synthesis \[[38](#CIT0038)\] and liver fibrosis \[[39](#CIT0039)\]. Overall, the majority of the detected exosomal miRNAs were not altered by hypoxia. We did not analyse the cell line miRNA signatures upon a return from hypoxia to normoxia. From a technical point of view, we aimed to validate six oxygen-sensitive miRNAs with a different PCR platform, for four of which the exosomal expression was confirmed statistically different. Of additional technical note, the studied miRNAs might have been attached to the outside of or otherwise co-isolated with the exosomes \[[40](#CIT0040)\], although this to have occurred with both of the EV isolation protocols seems unlikely.

Moreover, biological functions of miRNAs are commonly dependent on the local cellular context, which conceptually poses challenges to using cell lines as models of biomarkers relevant for a clinical circumstance. It is unclear to which extent primary LARC tumours with anatomically aggressive features (T4 or N-positive disease) are hypoxic, and further how tumour hypoxia impacts on the local therapy response \[[19](#CIT0019),[20](#CIT0020)\]. Our investigations did not show any correlation between the exosomal miRNAs selected based on cell line hypoxia and local tumour response to the neoadjuvant treatment (ypTN stage), which if present would have indicated a paracrine tissue effect of the actual miRNAs.

Circulating levels of exosomal miR-486-5p were lower in the group of LARC patients with T4 disease than in T2-3 cases, the former presenting more advanced primary tumour within the pelvic cavity. Others have reported that tissue miR-486-5p expression is gradually declining from normal bowel mucosa via early-stage CRC to advanced disease, and that this miRNA suppresses tumour growth and lymphangiogenesis \[[41](#CIT0041)\]. A similar tumour-suppressor role of miR-486-5p has also been seen in lung and gastric cancer \[[42](#CIT0042),[43](#CIT0043)\]. In apparent contrast to our cell line exosomal data, hypoxia in mesenchymal stem cells caused enhancement of intracellular miR-486, promoting proliferation and angiogenic activity \[[44](#CIT0044)\]. Moreover, in erythroleukemia cells, hypoxia was shown to increase both intracellular and exosomal miR-486 \[[45](#CIT0045)\].

Circulating levels of exosomal miR-181a-5p were lower in the group of LARC patients with pelvic lymph node metastases than in cases without, the former predicting adverse prognosis. The finding was supported by the inverse correlation between this miRNA and the circulating tumour marker carcinoembryonic antigen. In CRC, miR-181a has been investigated as prognostic biomarker, but with conflicting results; a recent meta-analysis showed that high tumour levels of miR-181a predicted poor overall survival \[[46](#CIT0046)\]. An interesting study of colon cancer specimens showed elevated expression of a major proteinase involved in extracellular matrix remodelling at the invasive tumour front where miR-181a-5p expression was repressed relative to the adjacent normal tissue \[[47](#CIT0047)\]. In further support of a tumour-suppressor role, induction of miR-181a-5p in CRC cell lines restrained their proliferation and chemotherapy resistance \[[48](#CIT0048)\].

While miR-30d-5p was repressed in hypoxic cell line exosomes, its plasma levels were higher in the group of LARC patients who had developed metastatic disease than in those who had not progressed at the time of censoring, which seemingly were contradictory findings. Supporting our patient data, a recent report showed that miR-30d expression was high in hypoxic CRC cell lines and in primary tumours from patients who failed adjuvant therapy (presumably by metastatic progression, but not specified \[[33](#CIT0033)\]). In hepatocellular carcinoma, miR-30d was shown to be highly expressed \[[49](#CIT0049)--[51](#CIT0051)\] and promote intrahepatic tumour cell invasion and implant tumours \[[49](#CIT0049)\]. Interestingly, the great majority of the metastatic cases in the present study had dissemination to the liver, suggesting that circulating exosomal miR-30d-5p from their primary tumours may have contributed to this organ-specificity of metastasis \[[52](#CIT0052)\].

In conclusion, acknowledging that the patient cohort was small and correction for multiple testing was not done, our hypothesis confirmed that CRC cell line EVs including exosomes contained the oxygen-sensitive miRNAs 486-5p, 181a-5p and 30d-5p, which were retrieved as circulating markers of high-risk LARC. This particular strategy may show useful for studying the clinical role of hypoxia-adapted phenotypes in several tumour entities.

Acknowledgements
================

The authors acknowledge the generous gift of the carbonic anhydrase IX antibody from Prof. Silvia Pastorekova, Slovak Academy of Science and the assistance in the NanoSight tracking analyses by Dr. Alicia Llorente and Mrs. Anne-Marie Siebke Trøseid, Oslo University Hospital.

Disclosure statement {#S0005}
====================

No potential conflict of interest was reported by the authors.

Supplementary material {#S0006}
======================

Supplemental data for this article can be accessed [here](https://doi.org/10.1080/20013078.2019.1567219)

###### Supplemental Material

[^1]: Shared last authorship

[^2]: ^a^Fold-change expression in hypoxic versus normoxic exosomes.

[^3]: ^b^By two-tailed unpaired Student's *t*-test.

[^4]: ^a^By two-tailed Student's *t*-test.

[^5]: SD, standard deviation; TN, tumour-node; yp, histologic response to neoadjuvant therapy.
